This paper presents a novel design for a mobile robot based on the kinematics of parallel mechanisms. The robot consists of 3 legs, each equipped with an asynchronous driving unit. The legs are connected to the driving units with spherical joints and to the upper plate with a revolute joint. Three additional encoders, attached to the upper revolute joints provide redundant data. This data is used by a kinematic model for accurate estimation of the robot's configuration and position in space, even in rough terrains, where conventional odometry fails. Siinulation results show the advantages of the design, and suggest a method for detection of irregularities of surfaces in unknown environments.
Introduction
Parallel inanipulators consist of several actuators connected in parallel to a base and a moving platform. The structure of parallel manipulators makes them particularly suitable for applications where accuracy, rigidity and high pay load -toweight ratio are important, since their stiffness and dynamic performance are largely superior to those achieved with conventional serial architectures. The maneuverability as well as rigidity and accuracy are functions of the number of legs, dimensions of the mechanism, and the type of joints between the plates and the legs. The basic conceptual mechanics is known as the Stewart Platform [Stewart, 19651 (even though an earlier design was suggested by Gough). Since then, many manipulators were developed based on this mechanism [Filcher and MacDowel 1980, Hunt 1983 The robot's position can be determined either by absolute methods (triangulation, map matching GPS etc.) or by a relative method (i.e. odometry). In order to achieve maximum autonomy, the use of a t solute positioning should be restricted to the beginning of motion and to the instances where relative positioning is not sufficiently accurate. In this paper we propose a modified kinematic design of the parallel mobile robot which allows for improved position estimate based on odoinetry, and also improves both the accuracy of thl: robot and its robustness to external disturbances due to slippage of the driving wheels, uneve I surfaces, bumps holes etc. In Section 2 we describe the problem of dead reckoning for the paral1:l mobile robot. Section 3 details the mathematical and geometrical model of the robot. Section 4 shows simulation results of the robot operatinz under various motion constraints and Section 5 gives concluding remarks. Fig. 4 is a schematic description of the parallel mobile mechanism. The upper plate is connected to each of the three legs with revolute joints. These three legs are driven by three asynchronous units that are connected to the legs with spherical joints. Controlled motion of the three driving units determines the pose (position and orientation) of the upper plate.
Dead reckoning for pairallel mobile mechanism

Spkricol
,"" Using odometry, on the other hand, provides full autonomy for the robot, with no preparation or pre-knowledge of the environment. However, odometry generates unbounded errors that reduce its effectiveness over relatively long travel ranges. The presence of bumps, holes, or slippage in one or more of the driving wheels can create unpredictable errors that increase with travel distance. For example, if one of the driving units is subjected to angular error of 1" (due to slippage of one driving wheel), a travel of 90ft generates a lateral error of 1.5ft in the position of the upper plate. This error also affects the orientation of the upper plate as shown in Fig. 5 . In this example the limbs' length is 5fi, and the upper plate is an equilateral triangle of 5ft. At the end of the 90ft trajectory the upper plate has an angular error of 2.62" This error increases with travel until the robot stops, reaches a singularity or other undesirable configuration.
The mechanical and geometric model of the modified design
Fig . 6 shows schematic description of the mobile parallel robot already shown in Fig. 4 . However, this design includes 3 additional encoders attached to the upper revolute joints, to measure the rotation angle between the upper plate and the legs. These angles are -q,, 772. 173 corresponding to the three legs I , 2 and 3. To determine the accurate configuration of the upper plate, the absolute position of each driving unit, as well as the direct kinematic model are required. Tahmasebi and Tsai [I9941 show that the above parallel mechanism has 16 possible direct kinematic solutions, which require extensive computational effort. Furthermore, determining the absolute position of each driving unit is subject to odometric errors and cannot provide a reliable position estimate.
In the following section we propose a new approach to the design and motion control of the parallel mobile robot that relies on odometric data and on additional measurements taken from on board encoders. It requires minor mechanical modifications to the original design, and suggests a geometric model for the new design. This approach does not require preliminary setup of the environment, allowing a full autonomous motion. Furthermore, our approach detects odometric errors in real time, and suggests a fast procedure to correct these errors before affecting the overall robot configuration. If the odometric system i , j accurate, the distances derived in the upper plate coordinate system in Eq (4) is equal to the distances derived in the world coordinate system according to Eq (5) . If, however, these distances are different and assuming that the encoder readings of the revolute angles are accurate, then the odometric calculation is faulty. Before proceeding with the rest of the calculations, let us assume that odometric errors occur with a single driving unit at a time. For example, if the robot is traveling over slippery terrain, the momentary effect is on a single drive unit (the unit that drove over the slippery spot). This assurnption is realistic when the sampling rate is fast enough as shown by Borenstein [1995] . In his work, Borenstein shows that the effect of odometric errors on a 4 DOF planner mobile robot can be detected separately for each driving unit, then corrected before the overall robot configuration is affected. According to this assumption, errors in the odometric procedure of each driving unit can be detected and corrected in real time by comparing the distances calculated by the X-Y-Z and U-V-W coordinate systems.
An odometric error in one drive unit affects two distances according to Eq (5). (5) . The real location of drive unit 3 is given by the intersection of the two circles -C / and C, where the radius ;or C, is 1/12 and for C2 is 1,12. Given that the centers of these circles -D, and D3 are known, the location of D3 can be calculated. If the above procedure is performed at relatively short inti:rvals (i.e. every 50 milliseconds) the positions of the three driving units remain accurate. As mentioned, this procedure assumes that there is a single odometric error at a time. In the unlikely event that two (or three) driving units are subjected to odometric errors simultaneously, the proposed procedure cannot be implemented and additional measures must be taken (i.e. re-calibration of the robot's position).
intersection of C2 and C,
Simulation results
To investigate the validity of our approach, a simulation was developed. The simulation determines the angles between the three legs and the upper platform (q,, q2 q3) based on the actual position of the three driving units (in a real system these angles are meamred by the encoders attached to the revolute joints). The simulation then calculates these angles based on the odometric information given by each driving unit. Based on the differences of these calculations the simulation then corrects the estimated position of each driving unit and updates the robot's overall model to determine the position and orientation of the upper platform. A random noise is added to the calculation of the angles q,, q2 and q3, similar to noise expected from the encoders. The noise in the real system is due to encoder resolution and backlash. In the simulation shown in this section, random noise is in the order of *lo. The addition of the f 1 " ensures that the simulation closely matches the performance expected of a real system. In the first experiment, an initial odometric error of 2" is introduced to one of the driving units. This error adds a constant value to the initial orientation of that driving unit, resulting in a constant growing lateral error, :similar to the example shown in Fig. 5 . The robot is traveling for 20m at a speed of 0.66 &sec with a sampling rate of 20 Hz. As shown in Fig. 8 , the odometric path does not detect the initial orientation error while the path calculated by the algorithm is close to the actual path of the driving unit. In the second simulation, an odometric error is generated after 15 seconds. This causes a lateral error in one of the driving units of 2.5cm into the center of the robot. Such an error can be generated by slippage of the wheels on wet a surface, moving over bumps or by an external disturbance applying an unexpected force on the driving unit. As shown in Fig. 9a , the odometric error is immediately detected by changes in the angle ql between leg # I and the upper platform, and the robot's configuration is updated according to that change. Figure 9b shows an estimate of the path of drive unit #I based on odometry alone, and according to the suggested sensory-redundant kinematic model correction. This simulation shows an important feature of the kinematic model. In addition to the detection of the odoinetric error, the type and source of the error can be predicted. For example, a sudden change in ql, (as is the case of this experiment) indicates that the odometric error pushed leg # I into the center of the robot's structure. This might be the case when leg #I travels over a bump, is pushed inwards by an external force. A sudden increase in q, indicates that leg #1 is pushed away from the center of the robot, either by external disturbance, slippage, or by traveling over a hole. The system detects these odometric errors as soon as they occur and updates the robot configuration. If, for example, the robot's mission is to travel along a straight line, these updates can be integrated into the path planning and control system. The control system detects the odometric errors and compensates for them before a significant lateral error is developed.
Figure 10: Simulation of random odometric error for three driving units simultaneously
Conclusions
A novel design for a mm3bile robot is presented. The kinematic design (combines techniques of parallel mechanisms wil h conventional wheeled units. The robot consi.sts of three legs, each driven by an asynchronous mechanism connected to the legs wii h a spherical joint. Each leg is also connected to an upper platform with a revolute joint, resulting in a mobile, six DOF, parallel mechanism. Additional encoders measuring the revolute angle of the upper joints, provide data used by a kinematic model to detect and correct positioning errors generated by odometry. Early detection and correction of odometric errors in each leg prevent significant errors of the upper plate, allowing an autonomous, more accurate and reliable motion even on uneven surfaces, where odometry alone generates unbounded po sition . . error.
The features of the kinematic model can be used for identification of irregularities in the environment. For example, when an odometric error in detected in a specific leg (by unexpected changes in the reading oi'the encoder attached to the upper revolute joint), the source of the odometric error can be determined. Furthermore, the cause of the error, in terms of bumps or holes, inward or outward slippage and the direction of external disturbance, can also be identified.
